Biological monitoring of workers exposed to N-nitrosodiethanolamine in the metal industry. by Monarca, S et al.
Biological Monitoring of Workers Exposed to N-Nitrosodiethanolamine in
the Metal Industry
Silvano Monarca,
I Giuseppina Scassellati-Sforzolini,2 Francesco Donato,3 Giuseppe Angeli,2 Berthold
Spiegelhalder,4Citn and Rossana Pasquin9
'Department of Environmental Health, University of Brescia, 1-25124 Brescia, Italy; 21Department of Hygiene, University of Perugia, I-
06126 Perugia, Italy; 3Department of Hygiene, University of Brescia, 1-25124 Brescia, Italy; 4lnstitute for Toxicology, German Cancer
Research Center, Heidelberg, Germany
of Mm! Us JIL
E iii::ii:,:i EIA
..
th "'W ".111-41.1--.0m 'U".1d.
..... ..........
..... -to41CIttt'll AW
.. ...... .....
::4COjjtMt C o"' PM
..........
.... . ...... T-fol i 1.-i.:M-Atilwbf
......
D
.... :,f =f;::
...............
........... ...
.AI "M-l,F.if' U-1 'no, MD, Afifi::::
WSW
.....
...............N
....... .. .';:,:,-:,.'::'..','::..
k.- "W"
:f. ...... .... .,Sj, I .................
.-!=.:-::f::
.. -0i W..
.::f..:.: .. ... .... ...... ... .. ...... W
ILI :'-:,..f;. ii:51tq I ... ......... ...... ...... .............. ............
le '.I'l"...v....40::::.:::..:::.::) .."fo
...
Workers in the metal industry may be
exposed to N-nitrosamines because these
potentially genotoxic/carcinogenic sub-
stances have been detected in cutting and
grinding fluids (1-4). N-nitrosodi-
ethanolamine (NDELA) is the most com-
mon N-nitrosamine found in cutting fluids
formulated with nitrite and ethanolamine
(diethanolamine is present as an impurity)
(5). NDELA is a strong animal carcinogen
(6-8), a mutagen in the Ames test after
activation with alcohol dehydrogenase
(9,10), and a potent inducer ofDNA dam-
age in primary hepatocytes in vitro (11).
Because animal studies have shown that
60-90% of NDELA is excreted in urine,
analysis of NDELA urine excretion from
workers in the metal industries has been
suggested for biological monitoring of the
occupational exposure to this nitrosamine
(2,3).
Using an integrated environmental!
biological monitoring approach previously
applied to different occupational exposures
by our group (12), we analyzed several cut-
ting fluids sampled in some metal working
factories in Central Italy for nitrite and
NDELA content and mutagenic activity
(13). The results showed that 20.6% ofthe
samples were positive for mutagenicity and
contained trace amounts of NDELA. This
study deals with the biological monitoring
of mutagenic/carcinogenic hazards among
workers using NDELA-positive cutting
fluids. These workers were identified dur-
ing the environmental monitoring phase of
the project. The exposed subjects were
studied with respect to some biomarkers of
internal dose (urinary excretion of
NDELA, mutagens, and thioethers) and
early biological effect [sister chromatid
exchanges (SCE) in blood peripheral lym-
phocytes]. We also tested the urinary
excretion of D-glucaric acid (DGA) as an
endpoint product in the glucuronidation
pathway.
Materials and Methods
Subjects. The subjects ofthe study were 62
males who worked in some metal factories
in Central Italy and regularly used cutting
oils (exposed group), which had been previ-
ously analyzed for nitrite and NDELA con-
tent and mutagenicity (13). The workers
were divided into two groups according to
the NDELA content of the cutting fluids
used: a high-exposure group (n = 25) using
cutting fluids with NDELA content .5
mg/I, and a low-exposure group (n = 37)
using fluids with NDELA content <5 mng!I.
We recruited as a control group male sub-
jects who worked in the same factories as
office personnel (n = 37) and were not
exposed to cutting fluids or other chemicals.
Data on smoking status, medicine con-
sumption, and alcohol and coffee drinking
were collected by means of a short, self-
administered questionnaire. All the ex-
smokers had stopped smoking at least 6
months before sample collection. Since
some drugs influence the hepatic activity of
certain enzymes, medicine consumption
was taken into account for the analysis of
urinary DGA as apotential confounder.
Urine sampling. Urine samples from
exposed and control subjects were collected
on Thursday (i.e., after 3 working days)
before working hours and 4 hr after the
beginning of the shift. The samples were
kept cool during transport and then stored
at -20'C until assayed.
Urine NDELA determination. NDELA
content was determined in 15-mI urine
samples, according to the method of
Spiegelhalder et al. (2,3). Nitrite was
destroyed with sulfamic acid. NDELA was
extracted using Kieselguhr extraction
columns and ethyl formate containing 2%
methanol. Extracts were evaporated to dry-
ness under a stream of nitrogen, and the
residue reacted with 0.3 ml of a silylating
agent (N-methyl-N- trimethylsilylheptaflu-
orobutyramide) at 800C for 2 hr. NDEIA
analysis was carried out by gas chromatog-
raphy/chemiluminescence detection (TEA
502). The gas chromatograph conditions
were: injector, 2000C; on-column inj'ec-
tion; column, 0.635 cm o.d., 0.2 cm i.d. x
140 cm silanized borosilica glass filled with
6% 0V275 on Volaspher A2 (Merck, Ger-
many); oven, initial temperature I1100C, 5
min, temperature programme 1I00C/min,
final temperature 2200C, 5 min.
We identified NDELA by comparing
retention time with authentic reference
material in solution (500 pig/ml, purity >
99.9%). Quantification was based on com-
parison ofpeak areas. Under the conditions
used, no interfering peaks were observed.
Recovery was determined usingspiked blank
urines and was 80-87%. Results were not
corrected for recovery. The NDEIA content
was expressed as nanograms/gram urine; the
method limit ofdetection was 0.5 nglg.
Because the NDEIA excretion rate is
not constant, 24-hr urine collection does
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not allow determination of total daily
excretion. Concentration, rather than any
other parameter, was used to indicate posi-
tive NDELA exposure in theworkplace.
Urine mutagenicity detection. Urine
samples were concentrated on XAD-2
columns using the Yamasaki and Ames
method (14). The urine adsorbates were
tested using the Ames method as modified
by Kado et al. (15) at increasing doses,
with two strains ofSalmonella typhimurium
(TA98 and TAIOO), with and without
metabolic activation (S9 fraction of rat
liver induced with Aroclor 1254), with and
without f-glucuronidase. All doses were
also tested with nicotinamide adenine di-
nucleotide (NAD) and alcohol dehydroge-
nase to activate the NDELA to a muta-
genic metabolite (9,10).
The urine samples were considered
mutagenic according to the modified
twofold increase rule (16,17). Therefore, a
test was considered positive when two con-
secutive dose levels produced a response at
least twice that of untreated plates and at
least two ofthese consecutive doses showed
a dose-response relationship.
Determination ofurine thioethers and
D-glucaric acid. The thioethers were
extracted from the urine samples with ethyl
acetate, and the thiols were determined
spectrophotometrically according to the
method ofVan Doorn et al. (18). Urinary
DGA excretion was determined with the
low-pH urinary enzymatic assay of
Colombi et al. (19,20). The results ofthese
determinations were expressed as mil-
limoles SH groups or DGA/mole creati-
nine. We always checked the test perfor-
mance with standard solutions ofN-acetyl-
L-cysteine and D-saccharic acid to control
variability ofthe analyses for thioethers and
DGA, respectively.
Blood sampling and SCE determina-
tion. Venous blood was taken from each
subject using heparinized vacutainer tubes.
Whole blood (0.3 ml) was added within 3
hr of sampling to 4.7 ml RPMI 1640
medium supplemented with 20% fetal calf
serum, 100 jig/ml streptomycin, 100 U/ml
penicillin and 5-bromodeoxyuridine (10
jig/ml). Blood was kept at room tempera-
ture before the test, since no consistent
alteration in SCE frequency was observed
for temperatures between 40 and 37°C up
to as long as 48 hr (21). Lymphocyte pro-
liferation was stimulated by 0.1 ml 1 M
phytohemagglutinin (22). We incubated
the cultures for 72 hr at 37°C (23). We
added 0.2 pg/mI of colcemid 69 hr after
initiation of cultures (24) and prepared
microscope slides using conventional pro-
cedures. Staining was performed with the
fluorescence plus Giemsa technique (25),
and SCE frequency was recorded by
observing at least 30 metaphases per sam-
ple. Slides were coded and scored blindly
by at least two independent observers. The
coded slides were scanned under low mag-
nification (100-200x) and selected for
scoring on the basis of staining and chro-
mosome number. Only cells with well-dif-
ferentiated metaphases and 46 elements
were accepted for scoring and SCE fre-
quency (21).
Statistical methods. The biomarker
data were tested for approximation to nor-
mal distribution using the Shapiro-Wilk
test (26), and they were square-root-trans-
formed when appropriate to achieve a bet-
ter normal approximation or to stabilize
variance, as suggested by Lovell et al. (27).
The Mann-Whitney rank test was used for
comparisons between the two groups,
while differences in mean values of SCE,
DGA, and thioethers between the high-
exposure, low-exposure, and control groups
were assessed using analysis of variance
(ANOVA). Since age, smoking, and coffee
and alcohol drinking can be regarded as
possible confounders, models oftwo-factor
analysis of variance were fitted, including
categorical variables as factors, age as
covariate, and each variable ofinternal dose
or biological effect (biomarker) as response
variable (28). More complex models were
not used due to the small number of sub-
jects in each group. Validity assumptions of
the analysis of variance models were
assessed by residual plots (28). The statisti-
cal analyses were performed using the 1993
Dynamic version of the BMDP program
for personal computer (29). All the statisti-
cal tests were two-tailed with an a-value of
0.05; however, p-values between 0.05 and
0.1 were also shown.
Results
The distribution of subjects according to
exposure, age, smoking habit, and alcohol
and coffee drinking is shown in Table 1.
The proportion of current smokers was
higher among controls (51.4%) than in the
high-exposure (32.0%) or low-exposure
(18.9%) groups, and a higher proportion
ofdrinkers of.3 cups ofcoffee per daywas
found in the high-exposure group (48%)
than in the others. The mean ages (SD)
were 38.0 (9.6), 43.2 (13.0), and 33.4
(9.9) for the high-exposure, low-exposure,
and control group, respectively.
The urine samples collected from the
high-exposure subjects 4 hr after the
beginning of the work shift showed trace
amounts ofNDELA, from 0.5 to 2.7 ng/g
urine; 68% ofthe subjects had values <0.5
ng/g (below the detection limit), and 32%
had values between 0.6 and 2.7 ng/g
urine. The urine samples collected from
the same subjects before working hours
were all NDELA negative. Urine speci-
mens from the low-exposure and the con-
trol group were always NDELA negative.
Cigarette smoking did not affect NDELA
excretion.
According to the qualitative analysis of
the mutagenicity test (positive/negative),
urine mutagenicity was detectable only
Table 1. Categorization of subjects according to occupational exposure to N-nitrosodiethanolamine-con-
taining cutting fluids, age, smoking status, coffee consumption, and alcohol drinkinga
Occupationallyexposedb
High Low
Variable exposure exposure Total exposed Controls Total
Age (years)
<30 7 (28.0) 7 (18.9) 14(22.6) 14(37.8) 28 (28.3)
30-39 7(28.0) 11 (29.7) 18(29.0) 13(35.1) 31 (31.3)
40+ 11 (44.0) 19(51.4) 30(48.4) 10(27.0) 40(40.4)
Smoking status
Nonsmoker 12(48.0) 25(67.6) 37 (59.7) 16(43.2) 53(53.5)
Ex-smoker 5(20.0) 5(13.5) 10(16.1) 2( 5.4) 12(12.1)
Currentsmoker 8(32.0) 7 (18.9) 15(24.2) 19(51.4) 34(34.3)
Coffee consumption (cups/day)
0 3(12.0) 11(29.7) 14(22.6) 4(16.0) 18(18.1)
1-2 10(40.0) 22(59.5) 32(74.2) 12(48.0) 44(44.4)
3+ 12(48.0) 4(10.8) 16(25.8) 9(36.0) 25 (25.2)
Unknown 12(32.4) 12(12.1)
Alcohol drinking (gethanol/day)
0 5(68.0) 9 (24.3) 14(22.6) 9(34.6) 23(23.2)
1-20 11 (44.0) 16 (43.2) 27 (43.5) 8(30.8) 35(35.3)
21+ 9(36.0) 12(32.4) 21 (33.9) 9(34.6) 30(30.3)
Unknown 1(2.7) 1(1.4) 11(29.7) 12(12.1)
Total 25(100) 37(100) 62(100) 37(100) 99(100)
aPercentages in parentheses.
bLow and high occupational exposure: subjects exposed to cutting fluid with NDELA content <5 mg/l and
25 mg/I, respectively.
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with S. typhimurium TA98 strain and S9
mix and only among smokers in the three
groups (data not reported). The addition of
fg-glucuronidase, NAD, and alcohol dehy-
drogenase gave negative results.
We compared the mean values of urine
thioethers and DGA between the samples
taken at the beginning and end ofthe work
shift. In the high-exposure group, a slightly
higher mean value was found in the begin-
ning-of-shift samples compared to the end-
of-shift samples for both thioethers (from
11.9 to 12.5 SH/creatinine) and DGA
(from 3.9 to 4.1 mmol/mol creatinine),
although the mean differences were not sta-
tistically significant. No differences were
found in the low-exposure group (thioethers
from 8.6 to 8.7; DGAfrom 4.1 to 4.9).
A fair correlation was observed between
thioether and DGA values measured before
and after exposure at an individual level: the
Spearman's rank correlation coefficient
range was 0.5-0.6 in all groups (p <0.001).
On the other hand, both biomarkers
showed a statistically significant interindi-
vidual variation by one-way ANOVA in
both groups (p<0.01).
The mean values of urinary thioethers
and DGA and lymphocyte SCE according
to occupational exposure and smoking
habit (current smokers versus nonsmokers
and ex-smokers combined) are shown in
Table 2. A significant linear increase in the
mean thioether values was evident from the
control to the lower- and higher-exposure
groups (p = 0.003), while controls had a
lower DGA mean value compared to the
exposed subjects. Smokers had higher val-
Table 2. Mean values (SD) of urinary thioethers
and D-glucaric acid and of lymphocyte SCE ac-
cording to occupational exposure to N-nitrosodi-
ethanolamine-containing cutting fluids and smok-
ing status
Biomarkers
D-Glucaric
Occupational Thioethers acid No.of
exposure and (mmoVmol (mmoVmol SCE/
smoking status creatinine) creatinine) metaphase
High exposure
Smokers 16.1 (2.7) 4.2(1.0) 7.6(0.8)
Nonsmokers 10.9 (4.4) 4.1 (1.4) 6.1 (1.0)
Total 12.5(4.6) 4.1 (1.3) 6.5(1.2)
Low exposure
Smokers 13.1 (5.3) 5.0(1.8) 8.0(1.2)
Nonsmokers 7.6(3.0) 3.9(1.3) 6.3 (1.2)
Total 8.7 (4.1) 4.1(1.5) 6.6(1.3)
Controls
Smokers 10.8(3.4) 5.7 (1.5) 7.6(0.7)
Nonsmokers 8.5(2.7) 4.0(0.6) 6.5(0.6)
Total 9.8(3.3) 4.9(1.5) 7.1 (0.8)
F-test8 p= 0.003 p= 0.05 NS
aOne-way analysis of variance for occupational
exposure on square-root-transformed data; NS
(nonsignificant) = p>0.05.
ues for biomarkers than nonsmokers in all
the exposure groups. The increase in mean
thioether values from the control to the
low- and high-exposure groups was more
evident among smokers than nonsmokers:
in all subjects, the mean values of urinary
thioethers increased from 10.8 to 13.1
(21% increase) and 16.1 (50% increase)
mmol/mol creatinine in smokers (linear
contrast: p = 0.006) and varied from 8.5 to
7.6 (11% decrease) and 10.9 (28%
increase) mmol/mol creatinine in non-
smokers (linear contrast: p = 0.08).
Table 3 shows the effect ofage, smok-
ing, and coffee and alcohol drinking on
biomarkers in all subjects. A linear increase
was found in mean values of all the bio-
markers according to smoking status and
coffee consumption, and a linear increase
oflymphocyte SCEwas found according to
age. These trends were all statistically sig-
nificant as tested by linear contrasts. The
effects ofage, tobacco smoking, and coffee
drinking were evident in all the subgroups
when examined separately (data not
shown). In the contrast, alcohol drinking
was never associated with any of the bio-
markers, therefore it was not considered in
further analyses.
At the second stage, the effect ofoccu-
pational exposure on the biomarkers was
assessed, adjusting for age and for smoking
status or coffee drinking by two-factor
Table 3. Mean values (SD) of urinary thioethers
and D-glucaric acid and of lymphocyte SCE ac-
cording to age, smoking status, coffee consump-
tion, and alcohol drinking in all subjects
Biomarkers
D-Glucanc
Thioethers acid No.of
(mmoVmol (mmoVmol SCE/
Variable creatinine) creatinine) metaphase
Age (years)
<30 9.4(3.3) 4.1(1.4) 6.4(1.1)
30-39 8.9(3.5) 4.3(1.6) 6.8(1.1)
40+ 11.4(5.0) 4.6(1.4) 7.1 (1.1)
Linear contrasta NS NS p= 0.04
Smoking status
Nonsmoker 8.5(3.7) 3.9(1.3) 6.2(0.9)
Ex-smoker 9.4(3.3) 4.1 (1.1) 6.6(1.1)
Current smoker 12.7 (4.3) 5.1(1.5) 7.7 (0.8
Linear contrast p<0.001 p<0.001 p<0.001
Coffee consumption (cups/day)
0 7.9(3.6) 3.5(0.9) 6.4(1.0)
1-2 10.1 (4.0) 4.2(1.4) 6.7(1.2)
3+ . 11.7(4.6) 5.3(1.4) 7.1 (1.2)
Linear contrast p = 0.005 p<0.001 p = 0.05
Alcohol drinking (g ethanol/day)
0 11.4(4.5) 4.6(1.6) 6.8(1.1)
1-20 9.2(3.8) 4.2(1.5) 6.5(1.2)
21+ 9.8(4.4) 4.4(1.4) 7.0(1.1)
Linear contrast NS NS NS
"One-way analysis of variance on square-root-
transformed data; NS (nonsignificant) = p>0.05.
ANOVA with age as a covariate (continu-
ous variable). Coffee drinking was
dichotomized, due to the small number of
subjects in some categories. Drinkers of.2
cups of coffee a day were contrasted with
nondrinkers and drinkers of 1 cup/day
combined. Three models were fitted,
including the following categorical, inde-
pendent factors (Table 4): occupational
exposure to NDELA-containing cutting
fluids and smoking status (model A), occu-
pational exposure to NDELA and coffee
drinking (model B), and smoking status
and coffee drinking (model C). Smoking
status was significantly associated with each
biomarker in all the models. Occupational
exposure was also associated independently
with urinary thioethers (p <0.05) and, to a
lesser degree, with urinary DGA (p = 0.06).
Coffee drinking showed a strong associa-
tion with urinary DGA, which was inde-
pendent of tobacco smoking when both
variables were included in the model. In
regard to thioethers, the effect ofcoffee was
not uniform across strata, as shown by the
significance ofthe interaction between cof-
fee drinking and occupational exposure:
the effect ofcoffee was evident in the high-
exposure group only. The lymphocyte SCE
count independently associated with both
smoking status and age, but not with occu-
pational exposure.
Discussion
This study aimed to assess the occupational
exposure to cutting fluids containing
NDELA through chemical (urine
nitrosamine content) and biological analy-
ses (urine mutagenicity, thioethers and D-
glucaric acid, and lymphocyte SCE). The
effects of age, smoking status, and coffee
and alcohol drinking on these biomarkers
were also assessed.
The results ofassays ofurinary NDELA
content in subjects exposed to nitrosamine-
positive cutting fluids agreed with the
results of our previous study (13). All the
workers exposed to cutting fluids contain-
ing >5 ppm NDELA excreted trace
amounts ofNDELA only in urine samples
collected 4 hr after the beginning of the
shift. Workers exposed to cutting fluids
containing <5 ppm NDELA showed no
detectable urinary NDELA content either
before the shift or 4 hr after the shift
began. Therefore, the urinary NDELA
assay appears to be useful for detecting and
monitoring occupational exposure to cut-
ting fluids containing at least 5 ppm
NDELA, although the test is strictly time
and dose dependent.
Urinary excretion of mutagens was
associated with tobacco smoking but not
with NDELA exposure. As NDELA is a
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strong mutagen in in vitro tests (9,10), the
lack of urinary mutagenicity in the high-
exposure subjects may be due either to a
relatively low overall exposure to NDELA
or to the detoxification ofthe chemical.
Many potentially genotoxic compounds
are detoxified by reacting with endogenous
glutathione, giving rise to glutathione con-
jugates, which are eventually excreted in
the urine or the bile as thioethers (30).
Determination of the urinary levels of
thioethers has been proposed for screening
exposure to various genotoxic compounds,
especially alkylating agents. Nitrosamines
such as NDELA alkylate both DNA and
proteins following metabolic activation,
then they are detoxified through the glu-
tathione pathway and finally excreted as
urinary thioether products (31).
We found that thioether excretion was
related to occupational exposure to
NDELA and also to cigarette smoking.
The increase in thioether excretion due to
cigarette smoking has been widely docu-
mented (32-35). Likewise, an increase in
the mean urinary excretion of thioethers
after various occupational exposures to
xenobiotics has been reviewed (36). The
possibility offalse negative results in regard
to urinary thioether levels due to occupa-
tional exposure has been argued because
thioether excretion is only sensitive to rela-
tively high, recent exposures (18,37). In
line with these conclusions, we found an
increase in the mean level of urinary
thioethers only in the high-exposure group
4 hr after the beginning ofthe work shift.
On the other hand, a fair intraindividual
correlation was found in samples collected
before and after the beginning ofthe shift,
suggesting that some individual factors,
especially liver and kidney function, are rel-
evant and should be taken into account.
Therefore, we suggest that, in studies of
low exposure to NDELA, comparisons of
thioether excretion should be made for the
same individuals during the work shift,
since they are more sensitive than a com-
parison with unexposed control groups, as
is true for other occupational exposures
such as styrene (30).
Cigarette smoking showed the strongest
association with urinary thioethers, but the
effect ofoccupational exposure to NDELA
was still evident when adjusting for both
cigarette smoking and age. However, a
more noticeable effect of occupational
exposure to thioethers was seen in smokers
with respect to nonsmokers: the mean val-
ues showed a steady, more relevant increase
from the controls to the high- and low-
exposure groups in smokers than in non-
smokers. The interaction between smoking
and occupational exposure was not statisti-
cally significant using two-factor ANOVA,
although this is most likely due to the small
number of subjects and hence the low
power of the tests. The finding ofa differ-
ent effect of NDELA exposure in smokers
and nonsmokers confirms the results ofpre-
vious reports. For instance, a recent study
among styrene workers showed higher
thioether excretion in tobacco smokers than
in nonsmokers performing the same tasks
(30). This finding suggests that monitoring
of urinary thioethers can be more sensitive
in detecting exposure when applied to
workers who are current smokers.
Also, D-glucaric acid has been proposed
for screening xenobiotic exposures because
Table 4. Two-factor ANOVA of urinary thioethers and D-glucaric acid and of lymphocyte SCE by various
models including occupational exposure to N-nitrosodiethanolamine-containing cutting fluids, with smok-
ing status and coffee consumption as categorical factors and age as covariate: statistical significance of
F-tests
Biomarkers
Two-factor ANOVA model Thioethers D-Glucaric acid SCE
Model A
Occupational exposure p= 0.004 p= 0.06 NS
Smoking status p<0.001 p = 0.006 p<0.001
Interaction NS NS NS
Age (covariate) p= 0.02 p= 0.01
Model B
Occupational exposure p= 0.01 p = 0.06 NS
Coffee consumption NS p<0.001 NS
Interaction p= 0.02 NS NS
Age (covariate) p.= 0.06 p = 0.02
Model C
Smoking status p<0.001 p = 0.004 p = 0.001
Coffee consumption NS p= 0.003 NS
Interaction NS NS NS
Age (covariate) NS p = 0.02
Occupational exposure according to three categories: controls, low exposure, high exposure. Smoking
status: nonsmoker + ex-smoker vs. current smoker; coffee consumption: 0-1 cups/day vs. 2+ cups/day;
NS (nonsignificant) = p>0.05.
many DNA-damaging agents, including
alkylating agents, can be detoxified through
glucuronidation as a major route (36,
38,39). However, we did not find any asso-
ciation between NDELA exposure and uri-
nary DGA. This finding was not entirely
unexpected because DGA excretion has
been found to increase after exposure to
some chemicals, such as pesticides, but not
to styrene, dioxin, or toluene (36). In a pre-
vious study by our group, no increase was
found in steel-plant workers exposed to
mineral oils with respect to controls (40). A
high intraindividual variation in DGA
excretion has been described, which may
reflect both genetic and environmental fac-
tors and may explain these contradictory
results (36). We found an association
between coffee drinking and DGA urinary
values in this study, which suggests that fac-
tors other than occupational exposure can
influence urinary DGA excretion, and they
should therefore be taken into account in
occupational and environmental studies.
Overall, the urinary excretion ofDGA does
not seem to be as sensitive as thioether
excretion for the screening of occupational
exposure to NDELA.
SCE is awell-known biomarker ofexpo-
sure to mutagens/carcinogens; a large num-
ber of chromosome-damaging agents has
been shown to induce SCEs (41). Alkylating
agents such as nitrosamines have been
shown to produce SCEs in vitro (41). Many
different exposures have been associated
with increased SCE frequency, in addition
to age. Among them, cigarette smoking,
diet, and some occupational exposures, espe-
cially exposure to cytotoxic drugs and ethyl-
ene oxide, have been often described (41).
In line with these observations, we found
that current smokers had a higher mean
SCE frequency in lymphocytes than ex-
smokers and nonsmokers and that the SCE
count increasedwith age. However, the SCE
count was not associated with occupational
exposure to NDELA, even when taking into
account cigarette smokingand age.
In conclusion, occupational exposure to
cutting fluids containing NDELA causes
urinary excretion of NDELA, demonstrat-
ing that this carcinogenic contaminant is
adsorbed by humans. Monitoring ofnitrite
and NDELA content in cutting fluids
could be useful in preventing the health
effects of occupational exposure to
NDELA (13). The increase in thioethers
but not in DGA in the urine samples col-
lected during work hours seems to suggest
that NDELA compounds are detoxified by
reactingwith endogenous glutathione more
than through glucuronidation, although
further research is needed before any firm
conclusions can be reached. In contrast,
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urinary mutagenicity assay and lymphocyte
SCE frequency do not seem to be relevant
for biomonitoring this exposure. Finally,
some factors other than tobacco smoking,
such as coffee drinking, may influence the
mean values of the markers investigated
and should therefore be taken into account
in any research on occupational exposure
to potential carcinogens.
REFERENCES
1. Fan TY, Morrison J, Rounbehler DP, Ross R,
Fine DH, Miles W, Sen NP. N-nitrosodi-
ethanolamine in synthetic cutting fluids: a part-
per-hundred impurity. Science 196:70-71
(1977).
2. Spiegelhalder B, Preussmann R Biological mon-
itoring in the metal working industry. In: N-
nitroso compounds: occurrence, biological
effects and relevance to human cancer (O'Neill
IK, von Borstel RC, Miller CT, LongJ, Bartsch
H, eds), IARC scientific publications no. 57.
Lyon:International Agency for Research on
Cancer, 1984;943-946.
3. Spiegelhalder B, Muller J, Drasche H,
Preussmann R N-nitrodiethanolamine excretion
in metal grinders. In: Relevance of N-nitroso
compounds to human cancer: exposure and
mechanisms (Bartsch H, O'Neill IK, Schulte-
Hermann R, eds), IARC scientific publications
no. 84. Lyon:International Agency for Research
on Cancer, 1987;550-553.
4. Lijinski W, Reuber MD, Manning WB. Potent
carcinogenicity ofnitrosodiethanolamine in rats.
Nature 288:589-590 (1980).
5. Challis BC, Kryptopoulos Sk Rapid formation
ofcarcinogenic N-nitrosoamine in aqueous alka-
line solution. BrJ Cancer 35:693-696 (1977).
6. Druckrey H, Preussmann R, Ivancovic S,
Schamahl D. Organotrope carcinogene Wirkung
bei 65 verschiedenen N-nitroso-verbindungen
an BD-ratten. Z Krebsforsch 69:103-201
(1967).
7. Hilfrick J, Schmeltz I, Hoffmann D. Tobacco
carcinogenesis. 17. Effects of N-nitrosodi-
ethanolamine and 1,1-diethanolhydrazine in
Syrian golden hamsters. Cancer Lett 4:55-60
(1977).
8. Preussmann P, Habs M, Schmahl D.
Carcinogenicity of N-nitrosodiethanolamine in
rats at 5 different dose levels. Cancer Res
42:5167-5171 (1982).
9. Denkel E, Pool BL, Schlehofer JR, Eisenbrand
G. Biological activity of N-nitrosodietha-
nolamine and potential metabolites which may
arise after activation by alcohol dehydrogenase in
Salmonella typhimurium, in mammalian cells,
and in vivo. J Cancer Res Clin Oncol
111:149-153 (1986).
10. Eisenbrand G, Denkel E, Pool B. Alcohol dehy-
drogenase as an activating enzyme for N-
nitrosodiethanolamine (NDELA): in vitro acti-
vation of NDELA to a potent mutagen in
Salmonella typhimurium. J Cancer Res Clin
Oncol 108:76-80 (1984).
11. Sina JF, Bean CL, Dysart GR, Taylor VI,
Bradley MO. Evaluation of the alkaline
elution/rat hepatocyte assay as a predictor ofcar-
cinogenic/mutagenic potential. Mutat Res
113:357-391 (1983).
12. Scassellati Sforzolini G, Monarca S, Pasquini R,
Savino A, Angeli G. Environmental and biologi-
cal monitoring of mutagenic/carcinogenic haz-
ards in working environments exposed to petro-
leum derivatives. In: Monitoring ofoccupational
exposure to genotoxicants (Sorsa M, ed).
London:Alan R Liss, 1986;171-182.
13. Monarca S, Scassellati Sforzolini G, Spiegel-
halder B, Pasquini R, Fatigoni C. Monitoring of
nitrite, N-nitrosodiethanolamine and muta-
genicity in cutting fluids for the metal industry.
Environ Health Perspect 101:126-128 (1993).
14. Yamasaki E, Ames BN. Concentration ofmuta-
gens from urine by adsorption with the non-
polar resin XAD-2: cigarette smokers have muta-
genic urine. Proc Natl Acad Sci USA 74:
3555-3559 (1977).
15. Kado NY, Langley D, Eisenstadt E. A simple
modification ofthe Salmonella liquid-incubation
assay. Increased sensitivity for detecting muta-
gens in human urine. Mutat Res 121:25-33
(1983).
16. Ames BN, McCann JM, Yamasaki E. Methods
for detecting carcinogens and mutagens with the
Salmonelalmammalian microsome mutagenicity
test. Mutat Res 31:347-364 (1975).
17. Williams LR, Preston JE. Interim procedures for
conducting the Salmonella/microsomal muta-
genicity assay (Ames test). EPA-600/4-82-068.
Las Vegas, NV:Environmental Monitoring
System Lab, U.S. Environmental Protection
Agency, 1983.
18. Van Doorn R, Leijdekkers CM, Bos RP, Brouns
RME, Henderson PT. Detection of human
exposure to electrophilic compounds by assay of
thioether detoxication products in urine. Int
Arch Occup Environ Health 24:77-92 (1981).
19. Colombi A, Maroni M, Antonini C, Cassina T,
Gambini A, Foa V. Low-pH method for the
enzymatic assay ofD-glucaric acid in urine. Clin
ChimActa 128:337-347 (1983).
20. Colombi A, Maroni M, Antonini C, Fait A,
Zocchetti C, Foa V. Influence of sex, age, and
smoking habits on the urinary excretion of D-
glucaric acid. Clin Chim Acta 128:349-358
(1983).
21. Carrano AV, Natarayan AT. Consideration for
population monitoring using cytogenetic tech-
niques. Mutat Res 204:379-406 (1988).
22. Laurent C. SCE increases after an accidental
acute inhalation exposure to EtO and recovery
to normal after 2 years. Mutat Res 204:711-717
(1988).
23. Moorehead PS, Nowell PC, Mellman WJ,
Battips DM, Hungerford DA. Chromosome
preparations ofleukocytes cultured from human
peripheral blood. Exp Cell Res 20:613-616
(1960).
24. Preston RJ, Au W, Bender MA, Brewen JC,
Carrano AV, Heddle JA, McFee AF, Wolff S,
Wasson JS. Mammalian in vivo and in vitro
cytogenetic assays: a report of the U.S. EPA's
Gene-tox program. Mutat Res 87:143-188
(1981).
25. Perry P, Wolff S. New Giemsa method for the
differential staining ofsister chromatids. Nature
251:156-158 (1974).
26. Altman DG. Practical statistics for medical
research. London:Chapman andHall, 1991.
27. Lovell DP, Anderson D, Albanese R, Amphlett
GE, Clare G, Ferguson R, Richold M, Papworth
DG, Savage JRK. Statistical analysis of in vivo
cytogenetic assays. In: Statistical evaluation of
mutagenicity test data (Kirkland DJ, ed).
Cambridge, UK:Cambridge University Press,
1989;184-232.
28. Neter J, Wasserman W, Kutner MH. Applied
linear statistical models. Boston, MA:Irwin,
1990.
29. Dixon WJ. BMDP statistical software manual,
release 7.0. Berkeley, CA:University of
California Press, 1992.
30. Aringer L, LofA, Elinder C-G. The applicability
of the measurement of urinary thioethers. Int
Arch Occup Environ Health 63:341-346
(1991).
31. Montesano R, Bresil H, Degan P, Martel-
Planche G, Serres M, Wild CP. Detection in
human cells of alkylated macromolecules attrib-
utable to exposure to nitrosamines. In: Methods
for detecting DNA damaging agents in humans:
applications in cancer epidemiology and preven-
tion (Bartsch H, Hemminki K, O'Neill IK, eds),
IARC scientific publications no. 89. Lyon:
International Agency for Research on Cancer,
1988;75-82.
32. Van Doorn R, Bos RP, Leijdekkers CM,
Wagenaars-Zegers MAP, Theuws JLG,
Henderson PT. Thioether concentration and
mutagenicity of urine from cigarette smokers.
Int Arch Occup Environ Health 43:159-166
(1979).
33. Heinonen T, Kytoniemi V, Sorsa N, Vainio H.
Urinary excretion of thioethers among low tar
and medium tar cigarette smokers. Int Arch
Environ Health 52:11-16 (1983).
34. Lafuente A, Mallol I. Urinary thioethers in low
tar cigarette smokers. Public Health
100:392-398 (1986).
35. Aringer L, Lidums V. Influence ofdiet and other
factors on urinary levels of thioethers. Int Arch
Occup Environ Health 61:123-130 (1988).
36. Hogue CJ, Brewster MA. The potential ofexpo-
sure biomarkers in epidemiologic studies of
reproductive health. Environ Health Perspect
90:261-269 (1991).
37. Henderson PT, Van Doorn R, Leijdekkers CM,
Bos RP. Excretion of thioethers in urine after
exposure to electrophilic chemicals. In:
Monitoring human exposure to carcinogenic
and mutagenic agents (Berlin A, Draper M,
Hemminki K, Vainio H, eds), IARC scientific
publications no. 59. Lyon:International Agency
for Research on Cancer, 1984;173-187.
38. Notten WRF, Henderson PT. The interaction
ofchemical compounds with the functional state
of the liver. I. Alterations in the metabolism of
xenobiotic compounds and D-glucuronic acid
path. Int Arch Occup Environ Health
38:197-207 (1977).
39. Notten WRF, Henderson PT. The interaction
ofchemical compounds with the functional state
of the liver. II. Estimation ofchanges in D-glu-
taric acid synthesis as a method for diagnosing
exposure to xenobiotics. Int Arch Occup
Environ Health 38:209-220 (1977).
40. Pasquini R, Monarca S, Sforzolini GC, Savino
A, Angeli G. Mutagenicity studies and D-glucar-
ic acid determination in urine of workers ex-
posed to mineral oil. Int Arch Environ Health
56:275-284 (1985).
41. Wilkosky TC, Rynard SM. Sister chromatid
exchange. In: Biological markers in epidemiolo-
gy (Hulka B, Wilkosky TC, Griffith JD, eds).
New York:Oxford University Press, 1990;
147-172.
82 Volume 104, Number 1, January 1996 * Environmental Health Perspectives